Nuclear magnetic resonance, conventionally detected in magnetic fields of several tesla, is a powerful analytical tool for the determination of molecular identity, structure and function. With the advent of prepolarization methods and detection schemes using atomic magnetometers or superconducting quantum interference devices, interest in NMR in fields comparable to the Earth's magnetic field and below (down to zero field) has been revived. Despite the use of superconducting quantum interference devices or atomic magnetometers, low-field NMR typically suffers from low sensitivity compared with conventional high-field NMR. Here we demonstrate direct detection of zero-field NMR signals generated through parahydrogen-induced polarization, enabling high-resolution NMR without the use of any magnets. The sensitivity is sufficient to observe spectra exhibiting N uclear magnetic resonance (refs 1,2) in low or zero magnetic field has long been viewed as a curiosity owing to the low nuclear spin polarization, the poor sensitivity of inductive pickup coils at low frequencies and the absence of site-specific chemical shifts. Here, we show that the first two objections can be removed and we obtain high-resolution, high-signal-to-noise-ratio, zero-field NMR spectra that are rich in information. This facilitates the development of portable sensors for chemical analysis and imaging by elimination of cryogenically cooled superconducting magnets. Additionally, working in low or zero magnetic field yields narrow lines and accurate determination of line positions, owing to the high absolute field homogeneity and stability. These features have enabled chemical analysis through 129 [4] [5] [6] . Atomic magnetometers 7,8 and superconducting quantum interference devices 9 are sensitive to low-frequency signals, offering dramatically improved signal-tonoise ratio (compared with inductive pickup coils) in low-field NMR (refs 4,10,11) and magnetic resonance imaging 12, 13 . Despite the use of atomic magnetometers or superconducting quantum interference devices, low-field NMR using samples thermally prepolarized in a permanent magnet typically suffers from low signal-to-noise ratio compared with inductively detected high-field NMR, in part because of the low polarization available from thermalization in a permanent magnet. To avoid this difficulty, in this work we produce large nuclear-spin polarization in zero-field NMR by employing the technique of parahydrogeninduced polarization (PHIP), whereby order from the singlet state of parahydrogen is transferred to a molecule of interest, either by hydrogenation 14-17 or through reversible chemical exchange 18, 19 . By flowing molecular hydrogen through an iron oxide catalyst at sufficiently low temperature (see Methods), it is possible to realize nearly 100% conversion of orthohydrogen to parahydrogen. This results in significant signal enhancements compared with that obtained using thermal polarization, which is typically in the range of 10 −5 -10 −6 . Before proceeding, it is worth noting that light-induced drift can also be used for enrichment of nuclear-spin isomers in other molecules 20, 21 , although the demonstrated enrichments are significantly lower, of the order of 2%. When combined with sensitive atomic magnetometers for detection of nuclear spin magnetization, PHIP enables NMR without any magnets. The sensitivity is sufficient to easily observe complex spectra exhibiting 1 H-13 C J couplings in compounds with 13 C in natural abundance in just a few transients, a task that would require considerable signal averaging using thermal prepolarization. Although PHIP has been investigated in a variety of magnetic fields, ranging from the Earth's field to high field, observation of the resulting NMR signals has always been carried out in finite magnetic field. To the best of our knowledge, the work reported here represents the first direct observation of PHIP in a zero-field environment. We show that polarization can be transferred through a number of chemical bonds to remote parts of a molecule, and that zero-field spectroscopy can be used to distinguish between different isotopomers in ethylbenzene, the product of hydrogenation of styrene. The mechanism by which observable magnetization is generated from the parahydrogenderived singlet order requires only the presence of a heteronucleus, similar to the work of ref. 22, in contrast to a more commonly observed mechanism relevant to high field, which requires chemical-shift differences at the sites of the parahydrogen-derived protons. Furthermore, our results are of particular interest in the context of recent work demonstrating that the lifetime of singlet polarization in low fields can considerably exceed the relaxation time T 1 of longitudinal magnetization 23, 24 . These demonstrations of increased singlet lifetime relied on field cycling and high-field inductive detection, and our methodology may provide for more direct observation and exploitation of these effects.
N uclear magnetic resonance (refs 1,2) in low or zero magnetic field has long been viewed as a curiosity owing to the low nuclear spin polarization, the poor sensitivity of inductive pickup coils at low frequencies and the absence of site-specific chemical shifts. Here, we show that the first two objections can be removed and we obtain high-resolution, high-signal-to-noise-ratio, zero-field NMR spectra that are rich in information. This facilitates the development of portable sensors for chemical analysis and imaging by elimination of cryogenically cooled superconducting magnets. Additionally, working in low or zero magnetic field yields narrow lines and accurate determination of line positions, owing to the high absolute field homogeneity and stability. These features have enabled chemical analysis through 129 Xe chemical shifts 3 and spin-spin or J couplings in 1 H- 13 C, 1 H- 29 Si and 1 H- 19 F in low or zero magnetic field [4] [5] [6] . Atomic magnetometers 7, 8 and superconducting quantum interference devices 9 are sensitive to low-frequency signals, offering dramatically improved signal-tonoise ratio (compared with inductive pickup coils) in low-field NMR (refs 4,10,11) and magnetic resonance imaging 12, 13 . Despite the use of atomic magnetometers or superconducting quantum interference devices, low-field NMR using samples thermally prepolarized in a permanent magnet typically suffers from low signal-to-noise ratio compared with inductively detected high-field NMR, in part because of the low polarization available from thermalization in a permanent magnet. To avoid this difficulty, in this work we produce large nuclear-spin polarization in zero-field NMR by employing the technique of parahydrogeninduced polarization (PHIP), whereby order from the singlet state of parahydrogen is transferred to a molecule of interest, either by hydrogenation [14] [15] [16] [17] or through reversible chemical exchange 18, 19 . By flowing molecular hydrogen through an iron oxide catalyst at sufficiently low temperature (see Methods), it is possible to realize nearly 100% conversion of orthohydrogen to parahydrogen.
This results in significant signal enhancements compared with that obtained using thermal polarization, which is typically in the range of 10 −5 -10 −6 . Before proceeding, it is worth noting that light-induced drift can also be used for enrichment of nuclear-spin isomers in other molecules 20, 21 , although the demonstrated enrichments are significantly lower, of the order of 2%. When combined with sensitive atomic magnetometers for detection of nuclear spin magnetization, PHIP enables NMR without any magnets. The sensitivity is sufficient to easily observe complex spectra exhibiting 1 H- 13 C J couplings in compounds with 13 C in natural abundance in just a few transients, a task that would require considerable signal averaging using thermal prepolarization. Although PHIP has been investigated in a variety of magnetic fields, ranging from the Earth's field to high field, observation of the resulting NMR signals has always been carried out in finite magnetic field. To the best of our knowledge, the work reported here represents the first direct observation of PHIP in a zero-field environment. We show that polarization can be transferred through a number of chemical bonds to remote parts of a molecule, and that zero-field spectroscopy can be used to distinguish between different isotopomers in ethylbenzene, the product of hydrogenation of styrene. The mechanism by which observable magnetization is generated from the parahydrogenderived singlet order requires only the presence of a heteronucleus, similar to the work of ref. 22 , in contrast to a more commonly observed mechanism relevant to high field, which requires chemical-shift differences at the sites of the parahydrogen-derived protons. Furthermore, our results are of particular interest in the context of recent work demonstrating that the lifetime of singlet polarization in low fields can considerably exceed the relaxation time T 1 of longitudinal magnetization 23, 24 . These demonstrations of increased singlet lifetime relied on field cycling and high-field inductive detection, and our methodology may provide for more direct observation and exploitation of these effects.
Zero-field NMR
Zero-field NMR spectroscopy of samples magnetized by thermal prepolarization in a permanent magnet was discussed in refs 4,25. In an isotropic liquid at zero magnetic field, the only terms in the NMR Hamiltonian are the spin-spin J couplings, H J = h J jk I j ·I k . In the important case of AX N systems, where both A and X are spin-1/2 particles, and each X spin couples to A with the same strength J , the resulting zero-field J spectra are simple and straightforward to interpret, consisting of a single line at J for AX, a single line at 3J /2 for AX 2 and two lines, one at J and one at 2J , for AX 3 . For larger molecules, as employed in the present work, long-range couplings to extra spins lead to splitting of these lines; however, the overall positions of the resulting multiplets remain unchanged. At present we rely on numerical spin simulations (presented in detail in Supplementary Information) to understand the splitting pattern; however, we anticipate that an approach based on perturbation theory will probably yield simple rules for interpretation of the zero-field splitting pattern.
Zero-field spectroscopy using parahydrogen-induced polarization differs from the case of thermal polarization in both the initial density matrix and in the method of excitation. In the case of homogeneous catalysis, the product molecule starts out with two parahydrogen-derived spins in a singlet state. Averaging over random hydrogenation events and subsequent evolution under the J -coupling Hamiltonian lead to an equilibrium density matrix described by pairs of heteronuclear and homonuclear scalar spin pairs, ρ 0 = a jk I j ·I k , which bears no magnetic moment, and is static under the J -coupling Hamiltonian. Observable magnetization oscillating along the z direction, to which the magnetometer is sensitive, can be produced by applying a pulse of d.c. magnetic field B in the z direction. Immediately following such a pulse, the density matrix contains terms of the form sinη(I jx I ky −I jy I kx ), where η = Bt p (γ j − γ k ), t p is the pulse duration and γ j is the gyromagnetic ratio of spin j. Subsequent evolution under the J -coupling Hamiltonian results in terms in the density matrix of the form (I j,z − I k,z )sinηsin(J jk t ), which produces magnetization oscillating in the z direction. The dependence on η highlights the role of a heteronucleus in the symmetry breaking of the parahydrogenderived scalar order. Numerical spin simulations of the propagation of the parahydrogen-derived scalar order through the molecule and the dependence of the coherence amplitude on pulse area η for a heteronuclear spin pair with scalar order are presented in Supplementary Information. A more detailed analysis of the polarization transfer will be presented in a forthcoming publication.
Spectroscopy with zero-field PHIP
The zero-field spectrometer used in this work is similar to that of ref. 4 and is shown in Fig. 1a . The noise spectrum of the magnetometer is shown in Fig. 1b , and the pulse sequence is shown in Fig. 1c . We carried out zero-field PHIP spectroscopy in hydrogenation reactions of styrene (which forms ethylbenzene), 3-hexyne (hexene and hexane), 1-phenyl-1-propyne (1-phenyl-1-propene) and dimethylacetylenedicarboxlyate (dimethylmaleate). In measurements presented in the main text, parahydrogen was bubbled through the solution for ∼10 s, the flow was halted and excitation pulses of d.c. magnetic field were applied in the z direction with η = π/2 for 13 C and protons. The resulting z magnetization was recorded by the atomic magnetometer. The rate of hydrogenation can be monitored by the signal amplitude as a function of time, as presented in Supplementary Information. More details of the experimental set-up and procedures can be found in Methods.
Single shot, zero-field PHIP spectra of ethylbenzene-β 13 C (labelled 13 CH 3 group), and ethylbenzene-α 13 C (labelled 13 CH 2 group), synthesized from labelled styrene, are shown in black in Fig. 2a,b , respectively. The ethylbenzene molecule is shown in the The zero-field PHIP spectrum of ethylbenzene-α 13 C shown in Fig. 2b is qualitatively similar to the zero-field spectrum of ethanol-α 13 C (ref. 4) , with a multiplet at roughly 3/2 × 1 J HC ( 1 J HC = 126.2 Hz, measured in house with a 300 MHz spectrometer) and features at low frequency. Many extra lines in the spectrum indicate that long-range couplings to the protons on the benzene ring are important. As the ethanol-β 13 C spectrum does not show such complexity, the largest perturbation to the ethyl part of the molecule must be due to three-bond 3 J HC couplings. The green trace shows the result of numerical simulation, consisting of the six spins on the ethyl part of the molecule and the two nearest protons on the benzene ring. Simulation again reproduces most of the features of the experimental spectrum, although careful inspection shows a number of extra splittings in the experimental spectrum, indicating that couplings to more remote spins on the benzene ring not included in the simulation are important. It is worth emphasizing that, despite the similarity of the one-bond heteronuclear J couplings, the spectra associated with different isotopomers show strikingly different features, which appear in different parts of the spectrum, facilitating easy assignment of isotopomers to their respective peaks. The sensitivity of the magnetometer and the degree of parahydrogen-induced polarization are sufficient to detect J spectra in compounds with 13 C in natural abundance. Figure 3 shows the zero-field PHIP spectrum of ethylbenzene with 13 C in natural abundance, obtained in just eight transients. The spectrum shown here is the sum of spectra associated with the α and β isotopomers shown in Fig. 2 , as well as isotopomers that carry 13 C in one of four non-equivalent positions on the benzene ring. The high-frequency parts of the spectrum arising from the α and β isotopomers are highlighted in green and blue, respectively. The part of the signal arising from the benzene ring with a single 13 C is a multiplet centred about the one-bond coupling frequencies (typically about 156 Hz in aromatic systems), and also a multiplet in the low-frequency range. The high-frequency component is highlighted in red. Interestingly, spectra associated with the α or β isotopomers do not overlap with spectra associated with isotopomers with a 13 C on the benzene ring. It is also noteworthy that, if the hydrogenation is carried out in high field, large chemical-shift differences between protons on the benzene ring and the parahydrogen-derived protons would inhibit the transfer of polarization to the benzene ring.
To further illustrate the capabilities of zero-field PHIP as a method for chemical fingerprinting, spectra obtained from several different hydrogenation reactions are presented in Fig. 4 : phenyl propyne (forming phenyl propene on hydrogenation) with a labelled 13 CH 3 group (Fig. 4a) , dimethyl acetylenedicarboxylate (dimethyl maleate) with 13 C in natural abundance (Fig. 4b ) and 3-hexyne (hexene and hexane) with 13 C in natural abundance (Fig. 4c) . These spectra are the result of averaging one, six and 32 transients respectively. The phenyl propene spectrum shows characteristics similar to the ethylbenzene-β 13 C spectrum, although the phase and splitting pattern is clearly different because neither of the parahydrogen-derived protons are part of the labelled group. The dimethyl maleate spectrum shown in Fig. 4b is the superposition of two different 13 C isotopomers, and can approximately be understood as follows. For a three-spin system, where one of the parahydrogen-derived spins has a strong coupling to a 13 C nucleus, we can show that the spectrum consists of two lines centred around the strong-coupling frequency, and an extra low-frequency peak. The antiphase lines centred about 165 Hz in Fig. 4b correspond to produced through parahydrogenation of styrene with 13 C in natural abundance. These data result from averaging eight transients following a pulse of magnetic field in the z direction with η ≈ π /2. The high-frequency components of the signals arising from the α and β isotopomers are easily recognizable from the spectra shown in Fig. 2 , and are highlighted by the green and blue bands, respectively. The signal in the neighbourhood of 156 Hz is due to isotopomers with 13 C on the benzene ring, and is highlighted in red.
is directly bonded to one of the parahydrogen-derived spins, and is accompanied by a contribution at low frequency. The other three-spin isotopomer, where the strongest coupling to the 13 C nucleus is through two bonds, nominally gives rise to three lines at low frequency. There are some residual splittings in the low-frequency part of the spectrum, which will be the subject of future investigation. The spectrum obtained in the hexyne reaction in Fig. 4c is the sum of three different 13 C isotopomers. For labelled 13 CH 3 groups, signal arises at 1 J HC and 2 × 1 J HC , where 1 J HC ≈ 125 Hz. For labelled 13 CH 2 groups, the contribution to the signal is centred about 3J /2, producing signal in the range of 170-200 Hz. Long-range couplings to other spins yield extra splitting. A more detailed discussion of these spectra and rules for assigning transitions and understanding zero-field PHIP spectra will be presented in a forthcoming publication.
Outlook
Finally, we make several observations. (1) Here we operate in zero magnetic field. Working in small but finite fields on the order of 1 mG may yield further information regarding molecular structure, albeit at the expense of extra spectral complexity 27 . (2) A common objection to low-and zero-field NMR is that spectra become complex as the number of spins increases, as exemplified by comparison of the ethanol-α 13 C spectrum reported in ref. 4 and the ethylbenzene-α 13 C obtained here. The increasing complexity of spectra with spin system size is a feature that is also encountered in standard high-field NMR, and has been successfully addressed by application of multiple-pulse sequences and multidimensional spectroscopy. The theory of multiple-pulse sequences for zero-field NMR was worked out some time ago 28 , and presumably many of the techniques developed for high field could be adapted to zero field. (3) We achieve linewidths of about 0.1 Hz. For 13 C-H J -coupled systems, the dispersion in signal is about 300 Hz, so roughly 1,500 lines can fit in a spectrum without overlapping. This is similar to what may be achieved in a 400 MHz spectrometer if we assume proton chemical shifts ranging over 6 ppm and proton linewidths of about 0.5 Hz. (4) The sensitivity of the magnetometer used in this work was about 0.15 nG Hz −1/2 using a vapour cell with a volume of 10 mm 3 . Sensitivities about two orders of magnitude better have been achieved in larger vapour cells 29 , which will enable measurements on larger samples with much lower concentration. In conclusion, we have demonstrated NMR without the use of any magnets by using parahydrogen-induced polarization and a high-sensitivity atomic magnetometer with a microfabricated vapour cell. The mechanism by which the symmetry of the singlet states is broken in zero field relies only on the presence of heteronuclear J coupling and not chemical shifts, in contrast to many experiments carried out in high field. Hydrogen-carbon J couplings through at least three bonds and hydrogen-hydrogen couplings through four bonds are observed. We also observe that polarization is naturally transferred through several bonds to remote parts of the molecule. This can be contrasted with in situ hydrogenation in high field, where chemical shifts larger than J couplings prevent efficient polarization transfer without the use of auxiliary radiofrequency pulses. Sensitivity is sufficient to carry out J spectroscopy on samples with 13 C in natural abundance with very little signal averaging. The resulting spectra, despite exhibiting a large number of lines, can easily be divided into different parts, which can directly be assigned to different isotopomers of the molecule at hand. Although our technique may seem to be limited to molecules to which hydrogen can be added, recent advances using iridium complex catalysts enable polarization of molecules without hydrogenation 18, 19 , significantly expanding the scope of applicability of zero-field PHIP. As the development of zero-field NMR is still at an early stage it is not possible to fully gauge its competitiveness with highfield NMR or portable lower-resolution versions thereof, but it clearly has potential to become a low-cost, portable method for chemical analysis.
Methods
Experimental set-up. The zero-field spectrometer is similar to that of ref. 4 and is shown schematically in Fig. 1a . An atomic magnetometer, consisting of a Rb vapour cell and two lasers for optical pumping and probing, operates in the spin-exchange relaxation-free 8 regime. The cell is placed inside a set of magnetic shields (not shown), and residual magnetic fields are zeroed to within ≈1 µG. The vapour cell has dimensions 5 mm × 2 mm × 1 mm, contains 87 Rb and 1,300 torr of N 2 buffer gas and was microfabricated using lithographic patterning and etching techniques. The cell is heated to 210 • C through an electric heating element wound around an aluminium nitride spool. The sensitivity of the magnetometer is about 0.15 nG Hz −1/2 above 120 Hz, and the bandwidth is in excess of 400 Hz. A set of coils can be used to apply sharp, ≈1 G d.c. pulses in arbitrary directions to excite NMR coherences, and a separate set of coils (not shown) controls the ambient magnetic field inside the shields. Mixtures of catalyst, solvent and substrate could be brought into proximity with the atomic magnetometer through a glass sample tube. The sample was maintained at 80 • C by flowing air through a jacket surrounding the glass tube. In experiments at lower temperature (not presented here), we found that there was some non-uniform broadening of spectra, presumably due to the presence of catalyst in solid form. Parahydrogen was bubbled through the solution through a 0.8-mm-inner-diameter tube for several seconds at a pressure of about 70 PSI and flow rate of about 120 s.c.c.m. Bubbling was halted before application of excitation pulses and signal acquisition. Data were acquired with a sampling rate of 2 kS s −1 . In acquiring the spectrum of styrene with natural-abundance 13 C, the phase of the excitation pulses was cycled with respect to that of the 60 Hz line frequency to reduce the line noise and its harmonics.
Production of parahydrogen.
Parahydrogen was produced at 29 K by flowing hydrogen gas through a bed of iron oxide catalyst in a set-up similar to that described in ref. 30 and then stored in an aluminium canister at room temperature and initial pressure of 150 PSI. Conversion of hydrogen to parahydrogen was about 95%, and storage lifetime was in excess of one week.
Sample preparation. Isotopically labelled styrene was obtained from Cambridge Isotope Labs. Natural-abundance styrene and Wilkinson's catalyst 31 were obtained from Sigma-Aldrich. Styrene hydrogenations were carried out with 300 µl styrene and 4 mG Wilkinson's catalyst, tris(triphenylphosphine)rhodium(i) chloride (CAS no 14694-95-2). The 1-phenyl-propyne and dimethyl acetylenedicarboxylate reactions were carried out with 100 µl substrate in 300 µl tetrahydrofuran, catalysed by 1,4-bis(diphenylphosphino)butane](1,5-cyclooctadiene)rhodium(i)tetrafluoroborate, (CAS no 79255-71-3). The hexyne reaction was carried out in a solution of 50% tetrahydrofuran of 5 ml in total and 30 mG Wilkinson's catalyst. Most of this volume does not contribute to signal because it is far from the magnetometer.
